Eddy current probes have been used for decades to detect flaws in metal objects. These probes are unusually sensitive to changes in the proximity distance to the test surface, and special techniques must be used to suppress this proximity signal when searching for flaws. More recently this proximity effect of a test coil has been recognized as useful for robotic sensing, and several sensors of this type are on the market. However, recent scientific advances in the design of eddy current flaw detection probes have not yet been applied to eddy current robotic sensors. A similar situation exists in connection with capacitive sensors, which were initially applied as intruder sensors, and more recently to a small degree, as robotic proximity sensors. A common criticism of these circuit-type sensors is that they do not provide sufficient spatial selectivity to be useful in robotic applications. However, recent studies of flaw detection probes have shown that desirable detection properties can be designed into the probe by using spatial frequency analysis to determine the optimum probe geometry for the task at hand. In this approach the probe is treated as a spatial filter, much like optical signal processing components, but in this case the electromagnetic field is nonradiating (or quasistatic). The purpose of this research is to develop a conceptual base and associated technology for electromagnetic sensor arrays applied to automated manufacturing, maintenance, and NDE. This paper discusses concepts and theory, while the experimental system and measurements are presented in a companion paper [1].
SENSOR ARRAYS AND SPATIAL FREQUENCY PROCESSING
In the quasistatic regime relevant here, array design follows quite different principles than in the case of optical and radio arrays. For a quasistatic array, the field is derivable from a scalar potential satisfying Laplace's equation. This means that there is no diffraction, and consequently no diffraction limit to the spatial resolution of the sensor array. It is for this reason that eddy current probes operating at frequencies below 1 MHz can resolve flaws spaced closer than one millimeter. Spatial resolution is determined by the geometry of the probe, rather than the electromagnetic wavelength. Although this has long been known, there exists no theoretical and conceptual base governing the principles and design of quasistatic arrays. The importance of creating such a base can be demonstrated by a simple example. Since a quasistatic field is derivable from a scalar potential satisfying Laplace's equation, a sinusoidal variation along one direction must be accompanied by an exponential variation along the orthogonal direction. By controlling the period of the sinusoidal variation along the first direction one can control the exponential decay along the orthogonal direction, in this way varying the spatial extent of the field in the second direction. If the first direction is along the plane of a quasistatic array, a sinusoidal variation can be simulated by adjusting the amplitudes and phases of the array element excitations. The distance the field extends out in front of the array is thereby determined by the excitation pattern of the array elements. To fully exploit and optimize this "ranging" function, the relationship between the field of the array and its geometrical structure must be fully understood. This requires a complete analysis of the spatial Fourier spectrum (or spatial frequency content) of the field, and control of this spectrum by tailoring the array geometry.
The previous paragraph described one possible operating mode for a quasistatic array: controllable ranging of the depth of the array field (i.e., the "zoom" effect). In this mode the array is operated with all array elements simultaneously excited --the staring mode. Quasistatic arrays may also be operated in the scanning mode where individual elements or groups of elements are sequentially excited. Both types of operating mode are useful for either inspection or sensing applications. The staring mode controls the shape and extent of the interrogating field generated by the array (analogous to beam shaping and focusing in a radiation array), while the scanning mode electronically controls the spatial position of the interrogating field. It is also possible to combine the two functions by scanning a group of excited elements that, itself, operates in the staring mode.
Why should electromagnetic arrays be used for flaw inspection and for robotic sensing? In both applications electromagnetic probes exhibit good sensitivity to structural features and proximity effects. They also offer advantages over optical and ultrasonic probes in hostile environments such as opaque liquids and outer space. In NDE, electromagnetic sensor arrays provide good sensitivity and flaw inversion capability, rapid scanning without mechanical motion, and ranging and spatial frequency filtering for target enhancement. As robotic sensors, these arrays offer fast electronic scanning and ranging, highly selective sensing (as compared with robot vision), insensitivity to optical and electrical noise (with proper filtering and choice of the operating frequency), ability to detect opticallyhidden features, and very high sensitivity to proximity and touch. On the other hand, electromagnetic robotic sensors do not furnish the detailed image information easily obtained with a vision system. The two types of sensors are, in fact, complementary. Vision provides the robot with detailed information, at a relatively long distance, about the shape and orientation of the object. Quasistatic electromagnetic sensors are best suited to the rapid delivery of very specific information about proximity, and feature position or orientation at short distances (between O" and 12"). Electromagnetic sensors also have the feature of being sensitive to the material properties of the object being sensed. This has often been stated in the past as a disadvantage for robotic applications. In the case of a metallic object, it is well known in the NDE community that the phase angle of the proximity (or liftoff) signal gives information about the material conductivity, while the amplitude of the signal gives information about the proximity distance. Sensitive proximity sensing of a nonmetallic object requires, on the other hand, use of a capacitive probe. (Such a probe can, of course, also be used to measure the proximity of a metallic object.) With integrated circuit techniques, very compact combinations of inductive and capacitive sensor arrays can be envisioned, and such hybrid array systems clearly have the capability of rapidly providing very selective information about both the proximity distance and and material properties of the object. It will also be seen in the next section that these systems can be modified so as to furnish both proximity and tactile information in the same structure. Figure 1 shows a type of eddy current probe, the reflection probe, commonly used in NDE. It is shown at the left of the figure, and consists of a large drive coil plus two small pickup coils connected in phase opposition. This geometry gives high sensitivity and spatial resolution for flaw detection. At the same time it cancels out changes in transmission from terminal 1 to terminal 2 due to changes in the proximity spacing between the probe and the test piece. If, on the other hand, the pickup coils are connected in phase addition the transmission signal is very sensitive to the proximity distance. Both of these signals can be read simultaneously from the probe by using a standard hybrid coil connection. The difference signal on the left can then be used to identify and locate object features such as edges, while the sum signal on the right gives a measure of proximity. If a compliant dielectric layer is placed between the probe and the object, as shown in the figure, the sum signal will also give a measure of tactile pressure after contact is made with the object. This example clearly illustrates the facility with which electromagnetic sensors can deliver in real time severa! specific sensor output parameters. A capacitive analog of this sensor, with the same features, is shown in Fig. 2 . This second version is, perhaps, preferable because of its greater suitability for integrated circuit fabrication.
RUDIMENTARY ARRAYS FOR EDGE AND POSITION SENSING
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Proximily and Tactile The goals of the first year of research in this area are to develop a theory describing the interaction of the probe in Fig. 1 with the test object in Fig. 3 and to test the theory experimentally. This is a collaborative effort with SRI International [1]. The ultimate goal is to design and test sensor arrays, with array elements consisting of individual coils (or capacitors) or compound structures such as those in Figs. 1  and 2 . The test object in Fig. 3 was chosen so that experiments could be performed on two basic canonica! recognition problems: edge-position detection and edge-orientation detection. The edge in question is a small amplitude step milled in an aluminum plate. test object will be discussed in the companion paper.) In all cases the step height is on the order of a few thousands of an inch. Changes in proximity distance in this range give very large signals in an electromagnetic probe, but would be difficult to detect with a vision system unless special side lighting is used. If the edge sample is placed under the difference-mode probe on the left of Fig. 1 , the different electromagnetic surface impedances, Z 5 and z; , on either side of the edge in Fig. 3 , cause changes in coupling between the drive coil and the two small pickup coils. When the edge is parallel to the horizontal axis in the figure the changes for the two pickup coils are the same, and the edge signal cancels at port 2. Orientation of the edge parallel to the vertical axis, however, gives different couplings into the pickup coils, and a net edge signal appears at the output port. This signal is maximum when the edge is midway between the two pickup coils. The probe is therefore sensitive to both position and orientation of the edge. For a vertical edge, the probe has maximum sensitivity to edge position and minimum sensitivity to edge orientation, and conversely for a horizontal edge. From these observations it follows that an ideal probe for simultaneously detecting both the position and the orientation of an edge has the form shown on the left of Fig. 1 , but with an extra set of pickup coils aligned vertically. For a horizontal edge, the horizontal pair of pickup coils detects angle variations and the vertical pair of pickup coils detects position variations (Fig. 4) . Extension to the analog capacitive probe of Fig. 5 is obvious. With a probe of this type a robot hand could follow an edge by using the position and angle outputs to control its motion, resetting the two sets of pickup coils perpendicular and parallel to the edee at each step of the motion, To perform this tracking operation it would be convenient to have a zero position output when the probe is centered over the edge. One approach for generating such a signal is described below,
The ~Z formula for a single-port eddy current probe is used in Reference 2. For the difference mode probe of Fig. 1 the corresponding general formula is [3] 1 (1)
where, as in the reference cited, the unprimed fields are for a smooth surface and the primed fields are for the stepped surface, A unit vector normal to the test object surface is denoted by n. The subscripts 1 and 2 on the fields in Eq.
(1) indicate that the fields are those produced by applying current I at ports 1 and 2, respectively, in Fig. 1 . When the probe dimensions are large compared with the skin depth of the aluminum test sample, the impedances Zs and z; in Fig. 3 can be defined for plane waves traveling normal to the surface [3] , except in a narrow band near the step on the test abject shown in the figure. If this correction is ignored in a first approximation, the electric field can be related to the magnetic field by the electromagnetic impedance at each point on the surface, This reduces Eq. (1) to (2) where 6Z , the difference between the primed and unprimed surface impedances, isszero on the right-hand side of Fig. 3 . (It should be noted that the magnetic fields in Eq. (2) contain only components parallel to the surface of the test abject.) The variables x 0 and Y 0 define the position of the center of the probe in a coordinate system ~n the plane of the surface, A second approximation used in writing Eq. (2) is to replace the primed magnetic field by the unprimed field. This is valid for the small amplitude steps considered here, One final comment should be made about the form of Eq. (2). It is seen to have the form of a convolution integral, in which the scalar product of the coil fields is the kernel. 
PROBES FOR EDGE POSITION AND ORIENTATION SENSING
Figures 4 and 5 showed 5-element rudimentary inductive and capacitive arrays for edge detection and tracking by a robot hand. In the capacitive figure the hybrid circuit for simultaneous readout of edge and proximity (or tactile) signals is also shown explicitly. Only the inductive version has, so far, been fabricated and tested. Details of the experiments are presented in the companion paper, but Fig. 7 gives a comparison of theory and experiment for the edge orientation sensing. One adjustable parameter was used, since the instrumentation was not calibrated for magnitude of the signal. 0.5 
MORE SOPHISTICATED ARRAY PROCESSING
The above discussion touched on only the simpler aspects of quasistatic array processing. Some possible improvements will be considered here. As the probe on the left of Fig. 1 passes over a vertical edge the output signal reaches a maximum when the probe is centered over the edge. For robot control it is desirable to have a sensor that generates a null signal when the hand is positioned over the edge. Another interesting signal processing function achievable with a quasistatic array is electronic ranging. This is illustrated fo r a multielectrode linear capacitive array in Fig. 9 . The principle has already been discussed above. Changing the phasing of the electrodes in groups, as shown, changes the distance of penetration of the array fiel d in fron t of the array. This feature could be used to pulse the depth of the interrogating field in and out as the robot hand approaches an object, thereby providing faster and more accurate information about the rate of closing.
PROBE MODELING CONCEPTS
Since the spatial resolution of a quasistatic electromagnetic sensor is determined by its size, the dimens ion of its array elements must be small and accurately controlled. This points to the need for integrated circuit technology in fabricating such arrays, and therefore favors use of capacitive arrays. There has been very little development effort, as yet, on even single element capacitive sensors, and virtually no detailed analytical modeling. Although every inductive array has a capacitive dual, the modeling formulas are quite different. Figure 10 i llustrates this point for the single sensor geometry [3, 4] . In an inductive probe the fields under the integral are defined for given current drive on the coil; in a capacitive probe the fie lds under the integral are def ined for given voltage drive on the electrode. This rather simple difference makes capacitive sensors harder to treat analytically.
The difficulty inherent in analyzing a capacitive sensor probe is illustrated by Fig. 11 . It was seen in the previous figure that, to evaluate ~y for a capacitive probe, the fie lds under the integral must be evaluated with a given voltage V appl ied to the electrodes. In Fig. 11 this means that the e lectric potential is known only on the driven electrodes and the ground electrodes at Z = O. To find the electric f ield generated by the array it is necessary to solve the electric potential problem in the space below the array. The difficulty is that the potential is not initially known at all points on the plane Z = O. In particular, the potential is not defined in the gaps between the electrodes until the complete problem is solved, One approach to this difficulty is to estimate the potential variation in the gaps and then check the final aolution for aelf-consiatency. A aaving feature of this approach ia that the gap potentiala contribute mainly to the higher spatial frequency componenta of the array field. These componenta decay very rapidly with increasing Z in the figure, so that it ia not necesaary to accurately model the gap region.
SUMMARY
An analytical base haa been developed for calculating the performance of rudimentary electromagnetic sensor arraya (the 3-coil probe of Fig. 1 and the 5-coil probe of Fig. 4 ), in their application to edge position and orientation aensing. Theoretical predictiona are in good agreement with experimental results.
Future plans include development of modeling theory for inductive sensor arrays operating in both the scanning and staring modes. An analytical base will also be created for capacitive duala of all these inductive arrays.
